Measurements of electric field in nonequlibrium air plasmas sustained by short-duration pulse discharges are critically important for quantitative insight into kinetics of ionization, electron energy partition among different inelastic collision processes, generation of excited species and atoms, and electron transport. Over the last decade, considerable progress has been made in electric field measurements by ns and ps fourwave mixing [1] [2] [3] [4] and by optical emission spectroscopy (e.g. see [5, 6] and references therein). Time resolution of these measurements is limited by several factors, including laser pulse duration (in four-wave mixing), time response of a photomultiplier tube (PMT) detector (in emission spectroscopy), as well as time jitter and pulse-to-pulse reproducibility of the discharge (in both techniques, if signal accumulation over multiple discharge pulses is used). Both methods have certain limitations on spatial resolution. In collinear geometry four-wave mixing, spatial resolution along the laser beam, controlled by the Rayleigh range of the beam and by the coherence length, is up to several cm [4] . In emission spectroscopy, the extent of the plasma region over which the emission signal is integrated 
may have significant uncertainty, and plasma parameters may vary significantly both over the signal collection region and over time (e.g. in streamer discharges), requiring the use of additional assumptions in data analysis [7] . Finally, the optical emission spectroscopy technique can be employed only for electric field measurements during and after breakdown, such that it does not allow absolute calibration using known electrostatic (Laplacian) field. Although comparison with emission from an auxiliary discharge operated at a known electric field (such as a DC Townsend discharge) [6] provides a certain degree of confidence in the measurement results, applying it to interpretation of data taken in highly transient discharges requires additional justification using kinetic modeling predictions.
Since breakdown in atmospheric pressure air occurs on ns time scale, time-accurate measurements of electric field variation during breakdown require sub-ns temporal resolution. This is especially critical in dielectric barrier discharges where the applied electric field is rapidly shielded by the plasma, thus terminating ionization as well as other electron impact processes. In emission spectroscopy measurements, sub-ns resolution electric field measurements have been performed in single-pulse discharges [5] and in repetitively pulsed discharges using techniques such as cross correlation spectroscopy [6] , as well as fast response time PMT detectors.
Achieving sub-ns temporal resolution in four-wave mixing laser diagnostics, which requires signal accumulation over multiple laser shots, is more challenging. First and foremost, this requires the use of a ps or fs pulse duration laser. Indeed, even if the time delay between the discharge laser pulse and the laser pulse is controlled with sub-ns accuracy [2] , actual time resolution of individual data points is still limited by the laser pulse duration. In ps and fs four-wave mixing, time resolution is controlled by the coherence decay time of N 2 molecules excited coherently by the pump and probe beams, of the order of ~100 ps in nitrogen at 1 bar (time over which fs CARS signal decays over approximately three orders of magnitude) [8] . Second, due to low spatial resolution of collinear four-wave mixing in the direction of the laser beam (up to several cm), the plasma needs to remain diffuse on this spatial scale and should not exhibit filamentary structure. Although the latter constraint is quite restrictive, it can be achieved in high peak voltage, ns pulse duration dielectric barrier discharges with short pulse voltage rise time, even in atmospheric pressure air.
In the present work, as in our previous studies [4] , we used a Nd:YAG pump laser (Ekspla SL333) generating output pulses ~150 ps long, operated at the output energy of 60 mJ/pulse pulse at 532 nm, to pump a high-pressure stimulated Raman shifting (SRS) cell and generate a collinear Stokes beam at 607 nm. After filtering out higher order Stokes and anti-Stokes output of the SRS cell, the collinear pump and Stokes beams are focused in a repetitive ns pulse discharge sustained between two parallel plate stainless steel electrodes placed inside quartz (fused silica) sleeves, as shown schematically in figure 1, using a 50 cm focal distance lens. The distance between the quartz sleeves is set to be d = 1.3 mm, the electrode dimensions are W = 18 mm and L = 55 mm, and the thickness of the quartz sleeve wall (dielectric constant ε = 3.8) is Δ = 1.3 mm. The clearance between the electrodes (1.5 mm thick) and the channels in the quartz sleeves (1.7 mm width) is approximately δ = 0.1 mm, such that the effective discharge gap is d
The pump laser beam diameter at the focal point is approximately 50 µm, such that the Rayleigh range is 3.7 mm, and the estimated beam diameter at the ends of the electrodes (55 mm long) is approximately 0.4 mm. This is considerably smaller compared with the discharge gap, 1.3 mm, such that the laser beam is at least 0.4 mm away from each of the electrodes. The focused laser beam is shown schematically in figure 1 (not to scale) .
The electrodes are powered by a Mega Impulse high-voltage pulse generator producing positive polarity pulses with peak voltage of up to 26 kV and pulse duration of ~10 ns FWHM, operated at pulse repetition rate of 10 Hz, triggered by an external delay generator. The four-wave mixing signal beam (at 4.3 µm) generated in the discharge region is separated from the pump, Stokes, and anti-Stokes ('conventional' N 2 vibrational CARS) beams, using dichroic mirrors and a dispersion prism. The pump and CARS beam intensities are measured by standard silicon PIN photodiodes, and the four-wave mixing beam intensity, proportional to the squared electric field integrated along the length of the discharge electrodes, is measured by a liquid nitrogen cooled InSb detector with matching preamplifier. Our previous measurements [4] show that at the present conditions, the four-wave mixing signal generated along a distance of approximately 6 cm is distributed nearly uniformly, due to a large signal coherence length, L IR = 14 cm.
In our most recent work [4] , the delay generator triggering the pulser was also used to trigger the flash lamps and the Q-switch of the pump laser, resulting in approximately 2 ns jitter between the discharge pulse and the laser pulse, and effectively limiting the time resolution of the measurements. For every data point, voltage, pump laser, CARS, and four-wave mixing signal waveforms have been averaged by the oscilloscope (LeCroyWaverunner MXi-A) with a 1 GHz sampling rate, typically over 300 laser shots. In the present work, a different approach, employed in our previous electric field measurements in hydrogen [9] , is used. For this, the Q-switch of the laser is no longer triggered externally, resulting in ~125 ns laser pulse jitter relative to the discharge pulse. Instead of averaging the data on the oscilloscope, voltage, pump laser, CARS, and four-wave mixing signal waveforms for every laser shot (typically, for 10 000 laser shots) are saved on the oscilloscope hard drive and subsequently post-processed. The timing of the laser pulse relative to the discharge pulse is determined for every laser shot during data post-processing. The time-integrated four-wave mixing signal intensities for each laser shot are sorted by their timing and placed into separate 'time bins'. The size of the time bins is varied from 0.2 ns (close to the duration of the pump laser pulse) to 0.5 ns, with the average number of laser shots (i.e. four-wave mixing signal waveforms) per time bin varied from 16 to 40 for a single 10 000 laser shot run.
Single-pulse ICCD images of the plasma generated by the discharge pulse, taken by Princeton Instruments PI-Max 3 ICCD camera, are shown in figure 2(a). These images are taken using a 20 ns camera gate, 'wrapped around' the applied voltage pulse. It can be seen that the plasma appears diffuse, with no sign of well-defined filaments. Shot-to-shot reproducibility of these images is very good, without discernable differences. To illustrate variation of plasma emission intensity during the pulse, figure 2(b) shows a collage of 50-pulse average images, taken with camera gate of 1 ns. It can be seen that emission decays almost completely approximately 6 ns after breakdown, except for two regions near the ends of the electrodes. Note that these images cannot be used for quantitative characterization of time-dependent emission intensity, due to the voltage pulse jitter relative to the camera gate, approximately 2 ns. Figure 3 (a) shows a histogram of the distribution of the number of laser shots over the 0.2 ns and 0.5 ns time bins during four combined runs, 10 000 laser shots each. It can be seen that the time delay between the laser pulse and the discharge pulse varies over 125 ns (from t = −40 ns to 85 ns). At t < 10 ns, the variation is fairly random, such that the number of laser shows per time bin does not deviate significantly from the average values of 64 shots/bin (for 0.2 ns bins) and 160 shots/bin (for 0.5 ns bins). At t > 10 ns, the histogram becomes less uniform, with several noticeable gaps such as near 37 ns and 55 ns (see figure 3(a) ). The laser pulse energy variation is approximately 3% standard deviation. Figure 3 (b) plots a pulse voltage waveform together with the square root of the time-integrated intensity ratio of the four-wave mixing signal, CARS signal, and pump laser, I IR I pump /I CARS , which is proportional to the absolute value of the electric field, |E|. The pulse voltage waveform is measured by a Tektronix P6015 high-voltage probe. Comparison of discharge pulse voltage waveforms measured by the Tektronix probe and by custom-made, high bandwidth voltage probes [10] demonstrated that pulse peak voltage and pulse width measured by both types of probes agree to within a few percent. In figure 3(b) , the four-wave mixing signal has been sorted into 0.2 ns time bins (during the electric field pulse, at t = −5 ns to 5 ns) and 0.5 ns time bins (for the rest of the data before and after the pulse). The signal is also scaled to match the voltage waveform at t < 0, when the electric field in the gap remains Laplacian, E = V/d * , where d * is the effective discharge gap, d * = 2.2 mm, providing absolute calibration of the measured field. The uncertainty of the electric field is determined by the uncertainty of the effective discharge gap, ±10%. The signal-to-noise ratio of these measurements is very good, and the detection limit of the electric field is approximately 3-4 kV cm −1 . From figure 3(b) , it can be seen that electric field before the discharge pulse remains near detection limit, indicating no detectable residual charge accumulation on the di electric surfaces from the previous pulse. The field follows the applied voltage until breakdown (at t = 0, E br = 73 kV cm −1 ), after which it decreases rapidly, due to charge separation in the plasma. At long delay times after breakdown (t > 25 ns), the absolute electric field begins to mirror the applied volt age, exhibiting transient maxima for voltage peaks at t = 30 ns and t = 37 ns. This indicates that (a) surface charges on the di electrics are neutralized by opposite polarity charge transport from the plasma, and (b) electron density in the plasma has decayed significantly, most likely due to three-body electron attachment to oxygen. At these conditions, charge separation and surface charge accumulation in ion-ion plasma can no longer occur on ns time scale, such that the electric field in the quasi-neutral plasma becomes essentially electrostatic, following the applied voltage waveform. Absence of the electric field peak during the voltage peak at t = 60 ns indicates that breakdown in the decaying plasma also occurs during the earlier peak at t = 37 ns, when the field peaks at 24 kV cm −1 (see figure 3(b) ). After electron density decays following this 'secondary' breakdown, the field starts mirroring the applied voltage again (at t = 65-85 s). Figure 4 compares experimental electric field with the analytic solution of coupled electron transport, ion transport, and Poisson equation, predicting time-dependent electric field in the plasma during pulsed breakdown in a 1D dielectric barrier discharge, developed in our previous work [11] . Briefly, the electric field and the electron density in the plasma during breakdown are controlled only by electron impact ionization and electron transport by the applied field, resulting in rapid charge separation and plasma self-shielding on ns time scale. On this time scale (~1 ns), electron recombination and attachment are far too slow to affect electron kinetics and transport. At the present conditions, the thickness of the sheath formed on the dielectric surface near the grounded electrode, predicted by the model of [11] , is approximately 70 µm, much less compared with the distance between the laser beam and the quartz sleeves. Therefore the effect of the field in the sheath on the measurement results is likely to be insignificant, such that the measured line-of-sight-averaged value of the electric field represents the field in the bulk of the plasma. In the analytic solution, the experimental voltage pulse (shown by red symbols in figure 4 ) is approximated by a superposition of two Gaussian pulses, V peak ·exp[−(t/τ) 2 ], with V peak = 17.5 kV, τ left = 3.75 ns, and τ right = 10.25 ns (shown by a red line in figure 4) , and voltage pulse distortion after breakdown is not taken into account. Townsend ionization coefficient by electron impact is a function of reduced electric field (E/N), a curve fit to experimental data [12] , electron mobility is assumed to be constant, µ e = 400 · (760/P (Torr))
, and initial electron density is assumed to be very low, n e0 = 10 4 cm −3
. Breakdown electric field predicted by the analytic solution is only weakly sensitive to n e0 , such that varying it over 4 orders of magnitude (from 10 2 cm −3 to 10 6 cm −3 ) changes E br by approximately 5%. From figure 4 , it is evident that the predicted breakdown field, E br = 75 kV cm −1 , is in excellent agreement with the data. After breakdown, the field in the plasma decreases by almost an order of magnitude over about 2 ns, due to charge separation. This result demonstrates the critical importance of sub-ns (0.2 ns) time resolution for electric field measurements during plasma self-shielding. For comparison, averaging individual data points on the oscilloscope, instead of using the present method, overestimates the electric field decay time by about a factor of two, mainly due to the laser pulse time jitter. From figure 4(b) , it can be seen that the analytic solution overpredicts the rate of electric field reduction after breakdown. This behavior is expected, since using the ionization coefficient dependence on the reduced electric field implicitly assumes instantaneous relaxation of the entire electron energy distribution, which tends to overpredict the rate of electron impact ionization. Also, the measured electric field does not decrease all the way to zero, as predicted by the analytic solution, reaching a minimum of approximately |E| ≈ 5 kV cm −1 at t ≈ 4-5 ns (see figure 4) . This may be caused by a slight asymmetry of the discharge, resulting in a non-zero electric field component in the direction parallel to the dielectric surfaces and perpendicular to the laser beam (see figure 1 ). This may also be due to incomplete plasma self-shielding near the ends of the electrodes, resulting in non-zero electric field, as may be conjectured qualitatively from plasma emission images at t = 4-6 ns (see figure 2(b) ).
After the electric field in the plasma is reduced to zero, the model predicts field direction reversal and a weak secondary maximum, |E| ≈ 2.5 kV cm −1 at t = 8-9 ns (see figure 4(b), note that the figure plots the absolute value of the field). Its origin is straightforward. Since applied voltage reduction after breakdown also reduces charges on the electrode plates, it produces current in the external circuit, matched by the electron transport (conduction current) in the plasma, which neutralizes surface charges on the dielectrics. Thus, it can be shown [11] that the electric field in the plasma after breakdown is E p (t) = CVapp(t) ene(t)µeA , where C = 2εε 0 A/d is the capacitance of two dielectric (quartz) layers, V app (t) is the rate of change of the applied voltage, n e (t) is the electron density, µ e is the electron mobility, and A is the surface area of the electrodes. In the experiment, this maximum is detected at t = 10 ns, |E| ≈ 11 kV cm −1 , which is about a factor of four higher than predicted. This difference is likely due to electron density decay caused by rapid electron attachment (the estimated '1/e' characteristic time scale for electron attachment in atmospheric pressure air at 50% relative humidity is τ att = 10 ns). Neither of these effects is taken into account by the analytic model of [11] . Finally, after electron density in the plasma has decayed significantly (at t > 25 ns), electron transport occurring on ns time scale is no longer a relevant factor, and electric field in the ion-ion plasma mirrors the applied voltage, producing a transient maximum for every voltage peak, except during the peak following 'secondary' breakdown at t = 37 ns, as can be seen in figure 2(b) . Note that some of the electric field maxima clearly need to be inverted, to match the respective voltage peak polarity.
Finally, figure 5 plots breakdown electric field and peak electron density predicted by the model for a symmetric Gaussian voltage pulse with peak voltage of V peak = 22 kV, which corresponds to peak electric field of E peak = 100 kV cm −1 at the present conditions, for the same initial electron density n e0 = 10 4 cm −3 . The model predictions are plotted versus voltage pulse half-width at full maximum (HWHM), τ HWHM = τ Gauss · (ln2) 1/2 . It can be seen that, as expected, reducing the pulse duration (i.e. reducing voltage rise time) results in a significant increase of breakdown field from its quasi-steady state value of E br ≈ 30 kV cm −1 , which approaches peak applied electric field at τ HWHM ≈ 1 ns. This occurs since voltage rise time becomes comparable with the characteristic time of charge separation by electron transport, such that significant overvoltage is achieved before the plasma is self-shielded. This also results in much higher peak electron density generated during short pulse breakdown (see figure 5 ), approximately n e ≈ 10 13 cm −3 at the present conditions (see figure 4 ). Of course, these predictions remain correct only as long as breakdown occurs at the same time across the entire surface area of the electrodes, i.e. as a 1D ionization wave [11] , rather than a series of individual streamers.
Summarizing, in the present work electric field during ns pulse discharge breakdown in ambient air has been measured by ps four-wave mixing, with sub-nanosecond temporal resolution. The measurements have been done in diffuse plasma generated in plane-to-plane geometry, with no sign of well-defined filaments (streamers). Absolute calibration of the electric field in the plasma is provided by the Laplacian field measured before breakdown. Sub-nanosecond time resolution is obtained by using a 150 ps duration laser pulse, as well as by monitoring accurate timing of individual laser shots relative to voltage pulse, and post-processing four-wave mixing signal waveforms saved for each laser shot, placing them in the appropriate 'time bins'. This approach resolves the issue of time jitter of the laser relative to the discharge voltage pulse. The experimental data are compared with the analytic solution for the electric field in the plasma during . Gaussian voltage pulse with peak voltage of V peak = 22 kV (peak electric field of E peak = 100 kV cm . pulsed breakdown, showing good agreement on ns time scale. Clearly, the analytic solution used to interpret the data in the present work cannot be expected to be quantitatively accurate over a wide range of time scales. A detailed kinetic model incorporating electron energy distribution relaxation, electron impact ionization, electron attachment, electron-ion and ion-ion recombination, electron and ion transport, as well as charge accumulation and neutralization on dielectric surfaces is needed to obtain quantitative insight into the discharge kinetics from sub-nanosecond to ~100 ns time scales. Since the present experiments are performed in simple 'canonical' geometry, the use of a quasi-1D kinetic model for this purpose would be appropriate. Comparison with the present data could be used for the validation of kinetic models and for the assessment of their predictive capability.
